Cucurbituril-based nanoparticles (CB[6]NPs) serve as new efficient vehicles for delivery of hydrophobic drugs, which have unique features including (1) a high drug loading capacity and efficiency, (2) noncovalently tunable surfaces, (3) efficient delivery of hydrophobic drugs into a cancer cell by receptor-mediated endocytosis, and (4) facile release of drugs into cytoplasm, which enhances the pharmaceutical effects of the drugs.
One of the major concerns regarding cancer treatment with clinically used hydrophobic drugs such as paclitaxel (PTX) is their low therapeutic effects due to poor aqueous solubility and lack of specificity. 1 This limitation can be overcome at least in part by targeted delivery of such drugs using nanomaterials 2 such as liposomes, 2b micelles 2c and nanoparticles (NPs).
2d,e
Although a wide range of nanomaterials made of various building blocks ranging from conventional lipids to polymer amphiphiles have been explored to date, the search for safe, efficient nano-sized vehicles for drug delivery continues.
2
Recently, amphiphilic macrocyclic molecules and nanomaterials therefrom have been investigated as drug delivery vehicles by harnessing their hydrophobic cavities to encapsulate hydrophobic drugs, but most efforts have been focused on NPs made of cyclodextrins (CDs) or their derivatives.
3
Cucurbit [6] uril (CB[6] ), a member of the macrocyclic host family cucurbit [n] uril (CB[n] ) comprising six glycoluril units has a hydrophobic cavity similar to that of a-CD. However, unlike CDs, it has two identical, carbonyl-fringed entrances to the cavity. Most importantly, CB [6] (1) hydrophobic drugs can be loaded inside the NPs with a high loading capacity and efficiency, (2) the surface of hydrophobic drug-loaded CB[6]NPs can be easily modified with a targeting ligand and/or fluorescent probe in a noncovalent manner by taking advantage of the strong host-guest interactions between CB[6] and polyamine derivatives, (3) drug-loaded CB[6]NPs can be efficiently delivered to a cancer cell and internalized by receptor-mediated endocytosis, and (4) hydrophobic drugs can be released into cytoplasm after receptor-mediated endocytosis, which enhances the pharmaceutical effects of the drugs.
The new CB[6] derivative, (3-(6-hydroxyhexanethio)-propan-1-oxy) n CB[6] (average n = 11.4) (1) (Scheme 1), was synthesized by photoreaction between (allyloxy) 12 CB [6] 5a and 6-mercaptohexanol in methanol. CB[6]NPs were prepared by adding water to 1 dissolved in a minimum volume of ethanol and sonicating it for 30 min to allow formation of NPs. The NPs have been characterized by transmission electron microscopy (TEM) and dynamic light scattering (DLS). A characteristic morphology of solid spherical NPs was observed by TEM (Fig. S1, ESIw) . In the concentration range of 1 Â 10 À3 -1 Â 10 À6 M, the average size of the spherical NPs determined by TEM is 190 AE 50 nm, which is consistent with 160 AE 40 nm determined by dynamic light scattering with samples dispersed in water.
Having established the nanometre-sized solid particle nature of 1, we decided to investigate whether the water-dispersed CB[6]NPs can encapsulate hydrophobic molecules inside similar to conventional polymer NPs.
2d,e A representative hydrophobic dye, Nile Red was chosen to investigate the loading properties of CB[6]NPs. Nile Red does not fluoresce in water, but emits red fluorescence in a hydrophobic environment.
6 Nile Red loaded CB[6]NPs (CB[6]NPs*NR) were prepared by the same procedure as before, except using an ethanolic solution of Nile Red instead of pure ethanol. Confocal laser scanning microscopy showed strong red fluorescent dots dispersed in water, corresponding to the emission of Nile Red with l max at 609 nm as independently determined by emission spectroscopy (Fig. S2a, The surface of the CB[6]NPs*NR can also be decorated with 2 using the same procedure (2@CB[6]NPs*NR). Confocal laser scanning microscopy ( Fig. S3a,b , ESIw) showed green and red fluorescent dots corresponding to emission of 2 and Nile Red with l max at 521 and 609 nm, respectively. The emission band of 2 decorated on CB[6]NPs*NR was redshifted by 6 nm with respect to that of free 2 (Fig. S3d, ESIw) . The dots in the FITC and Nile Red channels were well overlapped (Fig. S3c, ESIw) , indicating that the surface of CB[6]NPs was successfully decorated with 2 while Nile Red was loaded inside CB[6]NPs. The TEM image (Fig. S3e, ESIw) showed that 2@CB[6]NPs*NR maintained its spherical morphology and size even after the noncovalent surface modification using host-guest chemistry. Taken together, CB[6]NPs can entrap hydrophobic guest molecules inside the NPs, and at the same time, various ''tag'' units can be introduced on the surface of CB[6]NPs in a noncovalent manner without significant morphological changes.
To demonstrate the potential utility of CB[6]NPs as new vehicles for targeted drug delivery to tumors, an in vitro study was carried out using Nile Red as a model hydrophobic drug, and human ovarian carcinoma HeLa cells that have overexpressed folate receptors on the surface as a target cell. The cancer cells require excessive folic acid, a high affinity ligand to the folate receptors, for their rapid proliferation. Conjugates of folic acid have been previously studied for targeted delivery of oligonucleotides, 7c drugs 7d and nanomaterials 7e to cancer cells, wherein these conjugates are internalized through folate receptor-mediated endocytosis. 7 We prepared folatespermidine conjugate (3) 5d decorated CB[6]NPs*NR (3@CB[6]NPs*NR), using the same procedure as described above. (Fig. S4, ESIw) . The intracellular uptake of 3@CB[6]NPs*NR and CB[6]NPs*NR into HeLa cells was examined by confocal laser scanning microscopy using 543 nm light for excitation of Nile Red.
As illustrated in Fig. S5 , ESIw, only 3@CB[6]NPs*NR showed facile internalization into the cell after 1 h incubation at 37 1C. No or only small translocation of CB[6]NPs*NR was observed without the targeting ligand (3) decorating the CB[6]NPs surface (Fig. S5b, ESIw) , in the presence of an excess amount of extra folic acid in the culture medium (Fig. S5d,  ESIw) , or incubation at 4 1C (Fig. S5e, ESIw) , which suggested that the mechanism of the cellular uptake is most likely folate receptor-mediated endocytosis. The result was also confirmed by flow cytometry (Fig. S6, ESIw) .
To investigate the intracellular location of CB[6]NPs after endocytosis, we incubated HeLa cells with 2 (fluorescence probe) and 3 (targeting ligand) decorated CB[6]NPs ((2 + 3)-@CB[6]NPs) and LysoTracker Red, a probe highly selective for cellular organelles with low internal pHs such as endosomes. As shown in Fig. S7 , ESIw, a good overlap between the green dots and red dots independently observed by the FITC channel and LysoTracker Red channel, respectively, of confocal laser scanning microscopy, indicated that CB[6]NPs were located predominantly at endosomes after endocytosis in the HeLa cells.
Similarly, to monitor the behavior of Nile Red loaded in CB[6]NPs after endocytosis by confocal laser scanning microscopy, we incubated HeLa cells with (2 + 3)@CB[6]NPs*NR for 1 h at 37 1C, the surface of which was decorated with 2 and 3. Interestingly, as seen in Fig. 1 , Nile Red was distributed over the whole cell except the nucleus after 1 h incubation, while the green fluorescence from 3 decorating the surface of CB[6]NPs was localized, which indicated that after endocytosis, Nile Red was released into cytoplasm whereas CB[6]NPs appeared to remain in endosomes while maintaining their nanoparticle nature. At the moment, it is not clear how Nile Red is released from CB[6]NPs trapped in endosomes into cytoplasm. 8 Nevertheless, considering that any drug loaded in nanomaterials must be released into the cytoplasm after endocytosis for efficient delivery, the facile release of the hydrophobic dye into cytoplasm increases the applicability of CB[6]NPs in targeted intracellular drug delivery.
Encouraged by the series of observations, we then examined the delivery of hydrophobic drug PTX to HeLa cells using CB[6]NPs as a carrier and cell growth inhibition induced by cytotoxicity of PTX delivered by CB[6]NPs. We first determined the PTX loading efficiency of CB[6]NPs. In the case of CB[6]NPs*PTX prepared with 2.00 mg of CB[6] derivative 1 and 0.20 mg of PTX, PTX was loaded in CB[6]NPs with a loading capacity of 8.6 AE 0.6% (w/w) and a loading efficiency of 94 AE 6% (w/w), which was found to be the best condition for the preparation of CB[6]NPs*PTX for cell growth inhibition assay (Table S1 , ESIw). The PTX loading capacity and efficiency of CB[6]NPs are similar or higher than those reported for polymer based NPs such as hydrophobically modified glycol chitosan NPs 9 (10% (w/w) loading capacity with 90% (w/w) efficiency) and stearate-grafted chitosan oligosaccharides NPs 10 (5.6% (w/w) loading capacity with 89.5% (w/w) efficiency).
11
The cell growth inhibition induced by the cytotoxicity of PTX delivered by CB[6]NPs with and without targeting ligands was evaluated by a standard MTT assay. First of all, the cytotoxicity of CB [6] NPs to HeLa cells is negligible at a concentration below 40 mg mL À1 (Fig. S8, ESIw) (Fig. S5b,d ,e, Fig. S6b,d ,e, ESIw). Most importantly, however, the IC 50 value of 3@CB[6]NPs*PTX was 0.08 AE 0.02 mg mL
À1
, approximately 15.5-fold smaller than that of free PTX. The significantly enhanced cytotoxicity of 3@CB[6]NPs*PTX to HeLa cells may be attributed to facile internalization of 3@CB[6]NPs*PTX by folate receptor-mediated endocytosis followed by release of PTX into cytoplasm.
In summary, we report novel nanoparticles CB[6]NPs made of a new CB[6] derivative, in which hydrophobic drugs can be loaded in a high loading capacity and efficiency. Their surfaces can be easily decorated in a nondestructive, noncovalent, and modular manner simply by mixing the NPs with tagpolyamine conjugates which can be used as a fluorescent probe or targeting ligand, by taking advantage of the exceptional ability of CB[6] to bind polyamines tightly. Moreover, we demonstrated the selective cellular uptake of targeting liganddecorated CB[6]NPs by receptor-mediated endocytosis, and facile release of loaded hydrophobic dye molecules into cytoplasm after endocytosis. A significantly increased cytotoxicity of PTX using targeting ligand-decorated CB [6] NPs has also been demonstrated. Taken together, the remarkable abilities of CB[6]NPs make them a novel platform for efficient intracellular and cytoplasmic delivery systems for clinically available hydrophobic drugs such as PTX, which opens the possibility of practical applications of CB[6]-based nanomaterials as targeted drug delivery systems. Further work using animals is now in progress.
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